INTRODUCTION
============

CNG channels serve important roles in the transduction of visual and olfactory signals ([@bib63], [@bib64]; [@bib70]; [@bib33]; [@bib78]; [@bib39]; [@bib74]). Their function is to sense changes in the intracellular concentration of cyclic nucleotide that occur in response to either visual or olfactory stimuli. In the visual signal cascade, light absorption by the photoreceptor results in a decrease of cGMP, which closes CNG channels present in the outer segment of the photoreceptor, leading to a hyperpolarization and a subsequent decrease in transmitter release ([@bib63], [@bib64]; [@bib70]; [@bib33]). In the olfactory signal cascade, odorant molecules produce an increase of cAMP, which opens CNG channels, depolarizes the olfactory neuron, and eventually triggers an action potential ([@bib78]; [@bib39]; [@bib74]).

Although CNG channels are typically studied as homotetramers in expression systems ([@bib20]; [@bib34]), in native cells they are thought to be formed by a mixture of different subunits ([@bib7]; [@bib4]; [@bib47]). Each subunit contains six transmembrane segments (TMs),[\*](#fn1){ref-type="fn"} including a positively charge TM4, a P region between TM5 and TM6, and a cyclic nucleotide binding domain at the intracellular COOH-terminal. The membrane topology of CNG channels is very similar to that of voltage-activated K^+^, Na^+^, and Ca^2+^ channels, which suggest that all these channels belong to the same superfamily ([@bib28]). Although CNG channels are weakly voltage dependent ([@bib30]; [@bib27]; [@bib67]; [@bib3]), voltage is not the primary stimulus that opens them. Instead, molecules of cyclic nucleotide are required to gate these channels, which categorize them functionally as ligand-gated channels. Dose--response curves for activation of CNG channels are best fitted with Hill coefficients greater than one, which suggest that more than one molecule of cyclic nucleotide is required for channel activation ([@bib13]; [@bib75]; [@bib30]; [@bib20]; [@bib34]; [@bib56]; [@bib55]).

The permeation properties of CNG channels have been extensively studied, both in native and heterologous systems. The channel allows both mono and divalent cations to permeate ([@bib13]; [@bib26]; [@bib62]; [@bib31]; [@bib17]; [@bib38]; [@bib9]; [@bib48]; [@bib76]; [@bib21]; [@bib45]; [@bib24],[@bib25]; [@bib49]). The permeation of monovalent cations is blocked by divalent cations ([@bib9]; [@bib48]; [@bib76]; [@bib53]; [@bib66]; [@bib77]; [@bib12]; [@bib54]; [@bib44]; [@bib58]) and some of the permeation properties can be best described by multiion occupancy ([@bib17]; [@bib59]; [@bib51]).

It has long been known that the presence of permeant ions in the pore of membrane channels can influence channel gating. For example, in acetylcholine receptors from *Aplysia*, the average time the channel stays open depends on the type of permeant ions present ([@bib1]). In voltage-activated potassium channels, closing becomes slower when external permeant ions are present, suggesting that somewhere in the permeation pathway a permeant ion impedes the channel from closing ([@bib65]; [@bib37]; [@bib61]; [@bib57]). Permeant ions also influence gating in Ca-activated potassium channels ([@bib10]), inward rectifier potassium channels ([@bib8]; [@bib36]), sodium channels ([@bib46]; [@bib68]; [@bib69]), and calcium channels ([@bib60]). The extreme case of this rather general occurrence is that the ion itself might constitute the gating particle as suggested for chloride channels ([@bib52]; [@bib50]; [@bib6]). In CNG channels, a linkage between selectivity for divalent cations and gating has also been described ([@bib5]; [@bib22]). Perhaps because CNG channels discriminate poorly among physiologically relevant monovalent cations (i.e., Na^+^ and K^+^), the interactions between the permeation of these ions and gating have been largely ignored. Recently, however, [@bib18] have studied a very interesting effect of K^+^ ions on permeation and gating of CNGA1 channels mutated at the first proline within the P region (P365T). In this mutant, K^+^ ions have a dual effect of blocking permeation and holding the channels open, which is indicative of some interaction between permeant ions and gating.

The present study examines the effect of monovalent cations on gating by cyclic nucleotide in wild-type CNGA1 channels. First, the apparent affinity for cGMP is increased if K^+^ ions, instead of Na^+^ ions, are permeating through the channel. Second, in the presence of subsaturating concentrations of cGMP, the main effect of permeant K^+^ ions is to increase the apparent time constant of the main component of the open dwell-time distribution without substantial changes in the shut time distribution, consistent with a stabilization of the open conformation. Third, in the presence of saturating concentrations of cGMP, the maximal probability of opening increased from 0.95 (for permeant Na^+^ ions) to 0.99 (for permeant K^+^ ions) as a result of an increase of the apparent dwell time for the open conformation. Fourth, when saturating concentrations of cAMP is used as the agonist, channels that visit the open state tend to stay open longer when K^+^ ions are permeating through the pore. These results are consistent with the idea that permeant ions influence the exit of the channel from the open conformation rather than the cGMP binding steps. Finally, blockers known to interact with the pore of CNGA1 channels respond differently to the presence of Na^+^ or K^+^ ions, suggesting that these blockers are able to sense the differences of the pore due to the presence of different ions. Collectively, these results suggest that ions within the pore of CNGA1 channels influence the response to cGMP by changing the stability of the open conformation.

MATERIALS AND METHODS
=====================

DNA Expression
--------------

cDNA of the subunit 1 from rod photoreceptor ([@bib31]) was provided by Dr. William Zagotta. We subcloned the channel in the GW1-CMV vector (British Biotechnology) for expression in HEK293 cells (American Type Culture Collection). The CNGA1 channel expression plasmid (25 μg) was cotransfected with 1 μg plasmid πH3-CD8 encoding for the human CD8 lymphocyte antigen. Transfected cells were identified visually by assessing the decoration with beads coated with antibodies for CD8 (Dynal) ([@bib29]). For single channel experiments, channel DNA was lowered to 10--15 μg. Cells were transfected by electroporation (Gene Pulser II; Biorad).

Solutions and Electrophysiological Recordings
---------------------------------------------

The solutions contained (in mM): 160 NaCl or KCl, 1 EGTA, 1 EDTA, 10 HEPES, pH 7.4 adjusted with NaOH or KOH, accordingly. Salts (puriss, p.a. Grades) were purchased from Fluka, divalent chelators were obtained from Sigma-Aldrich, and HEPES was acquired from American Bioanalytical. cGMP (free acid form), cAMP (free acid form), and tetracaine were purchased from Sigma-Aldrich. E12K, D13K ball peptide is a double mutation of the Shaker ball peptide: MAAVAGLYGLGKKRQHRKKQ ([@bib71]; [@bib42],[@bib43]) that was provided by Dr. Gary Yellen.

Currents from inside-out excised patches ([@bib23]) were recorded between 1--2 d after transfection, using an Axopatch 200B amplifier (Axon Instruments, Inc.). Records in the absence of cGMP were subtracted to isolate macroscopic cGMP-dependent currents. Macroscopic data analysis was performed with pClamp 8.1 (Axon Instruments, Inc.) and Origin 6.1 (Microcal Software, Inc.) software. Single channel currents were analyzed with software provided by Dr. Brad Rothberg and Karl Magleby. Macroscopic currents were sampled at 5--10 kHz and low-pass filtered between 1 and 2 kHz. Single channel recordings were sampled at 20 kHz, filtered at 5 kHz (8-pole Bessel filter; Frequency Devices) and subsequently filtered digitally at 1--2 kHz before analysis. Borosilicate glass pipettes between 1.5--2.5 MΩ were pulled for macroscopic currents and quartz pipettes between 7--15 MΩ were used for single channel recordings. Solutions were changed by manual switch.

RESULTS
=======

Permeant Ion Dependence of Apparent Affinity for cGMP
-----------------------------------------------------

Bovine rod CNGA1 channels were studied by expressing cDNA for the subunit 1 (or α) in HEK293 cells. Inside-out patches were excised and superfused with a variety of solutions. To isolate the cGMP-dependent currents, records obtained with voltage steps to the same amplitude but without cGMP were subtracted. [Fig. 1](#fig1){ref-type="fig"} A shows current traces in response to a voltage step from 0 to 150 mV, while the patch was superfused with Na-solution containing 1, 10, 30, 100, or 1,000 μM cGMP. A similar test was performed in the same patch, while superfusing the inner face with K-solutions, as shown in [Fig. 1](#fig1){ref-type="fig"} B. Two differences can be clearly detected. First, the current amplitude at saturating concentrations of cGMP (I~max~) is larger in Na-solution (1,350 pA) than in K-solution (950 pA). The origin of this difference will be addressed in the next section. Second, the current amplitude at 100 μM cGMP is ∼50% of I~max~ in Na-solution, whereas it is ∼75% in K-solutions, as if the apparent affinity (K~1/2~) for cGMP is higher in the presence of K^+^ ions. [Fig. 1](#fig1){ref-type="fig"} C shows the normalized dose--response curves for cGMP obtained from the current traces shown in [Fig. 1, A and B](#fig1){ref-type="fig"} (open circles, Na-solutions; filled circles, K-solutions). The estimated values for the K~1/2~ were 94 and 52 μM cGMP for Na- and K-solutions, respectively. After patch excision, the sensitivity for cGMP can spontaneously change ([@bib19]; [@bib41], [@bib40]). This could constitute a potential source of error in the experiments presented here. With this in mind, the values of K~1/2~ for cGMP were estimated in the same patch at negative potentials where permeant ions originate from the pipette solution, which remains unchanged during the experiment (control condition performed at the same time as the test condition shown above). [Fig. 1, D and E](#fig1){ref-type="fig"}, show current traces in response to a voltage step from 0 to −150 mV, and superfused with Na- ([Fig. 1](#fig1){ref-type="fig"} D) or K-solution ([Fig. 1](#fig1){ref-type="fig"} E) containing 1, 10, 30, 100, or 1,000 μM cGMP. Clearly, at negative potentials, the values of K~1/2~ for cGMP were similar irrespective of the solutions bathing the intracellular side of the patch ([Fig. 1](#fig1){ref-type="fig"} F). Because CNGA1 channels poorly select between Na^+^ and K^+^ ions, the reversal potential is close to 0. Therefore, at positive potentials it is expected that most of the current will be performed by ions bathing the inside of the patch (either Na^+^ or K^+^; [Fig. 1, A or B](#fig1){ref-type="fig"}, respectively). From a set of nine patches, the average values (±SD) of K~1/2~ for cGMP in Na-solutions and K-solutions were 78 ± 15 μM and 47 ± 12 μM, respectively. The average ratio between these values was 1.70 ± 0.2. These observed differences at positive potentials suggest that, in CNGA1 channels, permeant ions influence gating by cGMP.

![Permeant ions influence gating by cGMP. (A) Subtracted current traces obtained from an inside-out patch in response to a voltage step from 0 to 150 mV and, bathed with Na-solutions containing 1, 10, 30, 100, or 1,000 μM cGMP. (B) Similar set of subtracted current traces obtained from the same patch but now bathed with K-solutions. (C) Normalized dose response curves for cGMP obtained from the subtracted current traces in Na-solutions (A, open circles) and in K-solutions (B, filled circles). The values of the average current from the last 20 ms at 150 mV were used to estimate the apparent affinities for cGMP. Solid lines represent Hill equation fits with a slope of 1.6 and K~1/2~ of 94 ± 6 μM for Na-solutions and 52 ± 2 μM for K-solutions. (D and E) Subtracted current traces obtained from the same inside-out patch in response to a voltage step from 0 to −150 mV and, under the same experimental conditions as those traces shown in A and B. (F) Normalized dose response curves for cGMP obtained from the subtracted current traces in Na-solutions (D, open circles) and in K-solutions (E, filled circles). The values of the average current from the last 20 ms at −150 mV were used to estimate the values of K~1/2~ for cGMP. Solid lines represent Hill equation fits with a slope of 1.8 and K~1/2~ of 109 ± 4 μM for Na-solutions and 113 ± 3 μM for K-solutions.](20028722f1){#fig1}

K^+^ Ions Stabilizes an Open Conformation of CNGA1 Channels
-----------------------------------------------------------

To gain a deeper understanding of the interactions between ions and gating by cGMP, a series of experiments at the single channel level were performed. [Fig. 2, A and B](#fig2){ref-type="fig"} , show the activity of a single channel in the presence of 100 μM cGMP at 70 mV in Na- and K-solutions, respectively. The permeation properties for both ions are different. [Fig. 2, C and D](#fig2){ref-type="fig"}, show the corresponding current histograms from 20 s of continuous recording in each condition. Solid lines represent fits to Gaussian functions. In Na-solution, an accurate estimation of the amplitude of the fully open state, which was 2.24 pA, required a Gaussian function with three components ([Fig. 2](#fig2){ref-type="fig"} C). In K-solution, the current amplitude of the open state was estimated by a fit to a Gaussian function with two components. The value obtained was 1.35 pA ([Fig. 2](#fig2){ref-type="fig"} D), which is ∼60% of the value determined in Na-solution. This difference in single channel amplitude is sufficient to account for the discrepancy of I~max~ observed in Na- and K-solutions using macroscopic currents ([Fig. 1, A and B](#fig1){ref-type="fig"}).

![Permeation of Na^+^ and K^+^ ions through CNGA1 channels. (A) Single-channel recordings at 70 mV with Na-solutions containing 100 μM cGMP. (B) Single-channel recordings from the same channel, at the same voltage, but now with K-solutions containing 100 μM cGMP. Dashed lines represent the current present when the channel is closed. (C) Amplitude histogram from 20 s of uninterrupted recording in Na-solutions. The solid line represents a three-component Gaussian function fit. The best-fit parameter value for the amplitude of the fully open state was 2.24 pA. The total area covered by the fit was 95.7%, from which 52.9% resulted by the sum of the areas for the subconductance and the open states, corresponding to a P~open~ of ∼0.55. (D) Amplitude histogram from 20 s of uninterrupted recording in K-solutions. The solid line represents a two-component Gaussian function fit. The best-fit parameter value for the amplitude of the open state was 1.35 pA. The total area covered by the fit was 97.5%, from which 77% is attributed to the open state, corresponding to a P~open~ of ∼0.79. Current records were acquired at 20 kHz, and filtered at 5 kHz. Previous to analysis, the records were digitally filtered at 2 kHz. For presentation purposes, traces shown in A and B were digitally filtered at 1 kHz.](20028722f2){#fig2}

Additional changes were observed in the kinetic properties of the currents. The open time distributions in Na- and K-solutions are shown in [Fig. 3, A and B](#fig3){ref-type="fig"} , respectively. A two exponential-function fit revealed that the main effect of permeant ions in the open time distributions was to increase the apparent open time constant of the slower component from 3.2 (in Na-solutions) to 7.9 ms (in K-solutions). [Fig. 3, C and D](#fig3){ref-type="fig"}, show the closed time distributions in Na- and K-solutions, respectively. The most noticeable difference between these distributions is the presence of closed events longer than 30 ms in Na-solutions. To include these events, an additional fourth exponential component was needed. However, this component (τ∼40 ms) contributed only to 0.3% of the total area ([Fig. 3](#fig3){ref-type="fig"} C). The parameter values for the remaining three components in Na-solutions were comparable to the parameter values obtained from a fit of a three-exponential function to the closed events observed in K-solutions ([Fig. 3](#fig3){ref-type="fig"} D; see figure legends for details). Therefore, the main difference between the kinetics of the channel in the presence of Na- or K-solutions is that in K-solutions, the apparent mean open time of the main component of the open time distribution is 3.4 ± 0.5 (*n* = 3) times longer compared with Na-solutions.

![Permeant K^+^ ions stabilize the open conformation of CNGA1 channels: subsaturating cGMP concentration. (A and B) Open dwell-time distributions with Na- and K-solutions, respectively. The solid lines represent two-exponential fits. For Na-solution the best-fit parameter values were: τ~1~ = 0.4 ms, A~1~ = 0.23, τ ~2~ = 3.2 ms, A~2~ = 0.77. For K-solution the best-fit parameter values were: τ~1~ = 0.3 ms, A~1~ = 0.16, τ ~2~ = 7.9 ms, A~2~ = 0.84. (C and D) Closed time distributions with Na- and K-solutions, respectively. For Na-solution, the solid line represents a four-exponential fit. The best-fit parameter values were: τ~1~ = 0.13 ms, A~1~ = 0.36, τ~2~ = 1.92 ms, A~2~ = 0.40, τ~3~ = 5.78 ms, A~3~ = 0.23, τ~4~ = 40 ms, A~4~ = 0.003. For K-solution, the solid line represents a three-exponential fit. The best-fit parameter values were: τ~1~ = 0.11 ms, A~1~ = 0.24, τ~2~ = 1.40 ms, A~2~ = 0.59, τ~3~ = 4.36 ms, A~3~ = 0.17.](20028722f3){#fig3}

The single channel gating kinetics of CNG channels are rather complex, with multiple open and closed states, and fast transitions between them. However, in order to establish the origin of the observed differences, a simplified kinetic model for cGMP activation was used:

In this model, the observed effect of K^+^ ions on the open time distribution is achieved by slowing the rate constant of the O→C transition, i.e., K^+^ ions stabilize the open conformation of the channel. To further support this conclusion, saturating concentrations of cGMP were used so that channels will tend to dwell either in the fully bound closed or open states. Because the O→C~2cGMP~ transition is independent of cGMP, the discrepancy in the open time distributions should persist even at saturating concentrations of cGMP. [Fig. 4, A and B](#fig4){ref-type="fig"} , show single channel recordings in the presence of 2 mM cGMP at 70 mV in Na- and K-solutions, respectively. The corresponding open time distributions are shown in [Fig. 4, C and D](#fig4){ref-type="fig"}. At 2 mM cGMP, these distributions can be fitted with a single-exponential function. As expected, the apparent mean open time when the channel was permeating K^+^ ions (54 ms) is longer that the apparent mean open time when the channel was permeating Na^+^ ions (10 ms). In K-solutions, the apparent mean open time of the open time distribution is 3.9 ± 1.6 (*n* = 2) times longer compared with Na-solutions. Inspection of the shut time distribution reveals that the effect of ions on the gating by cGMP is not exclusively at the O→C transition ([Fig. 4, F and G](#fig4){ref-type="fig"}). Even at saturating concentrations of cGMP, there is an additional component in the shut time distribution with a time constant of ∼6 ms when the channel was permeating Na^+^ ions. However, the contribution of this component to the total area is relatively small, ∼1%.

![Permeant K^+^ ions stabilize the open conformation of CNGA1 channels: saturating cGMP concentration. (A) Single-channel recordings at 70 mV with Na-solutions containing 2 mM cGMP. (B) Single channel recordings from the same channel, voltage, and cGMP concentration, but now with K-solutions. Dashed lines represent the current present when the channel is closed. (C and D) Open dwell-time distributions with Na- and K-solutions, respectively. The solid lines represent single-exponential fits. The best-fit parameter values for the time constants were 9.7 ms for Na-solution and 54.3 ms for K-solution. (E and F) Closed time distributions with Na- and K-solutions, respectively. For Na-solution, the solid line represents a two-exponential fit. The best-fit parameter values were: τ~1~ = 0.47 ms, A~1~ = 0.99, τ~2~ = 5.7 ms, A~2~ = 0.01. For K-solution, the solid line represents a single-exponential fit with a time constant of 0.45 ms. Current records were acquired at 20 kHz, and filtered at 5 kHz. Previous to analysis, the records were digitally filtered at 1 kHz.](20028722f4){#fig4}

If the observed differences in open time distribution are independent of agonist binding then they should persist with agonists that have very different efficacies. As shown in [Fig. 5](#fig5){ref-type="fig"} , K^+^ ions produced qualitatively similar results when cAMP was used as ligand. In a patch containing ∼7--10 channels (determined by activation with saturated cGMP concentration), activation by 5 mM cAMP never produced open events longer than 3 ms when the currents were performed by Na^+^ ions ([Fig. 5, A and C](#fig5){ref-type="fig"}). However, when K^+^ ions were permeating, open events longer than 3 ms were frequently observed ([Fig. 5, B and D](#fig5){ref-type="fig"}; same patch as [Fig. 5, A and C](#fig5){ref-type="fig"}).

![Permeant K^+^ ions stabilize the open conformation of CNGA1 channels: saturating cAMP concentration. (A) Single-channel recordings at 70 mV in a patch with ∼7--10 channels and bathed with Na-solution containing 5 mM cAMP. (B) Single channel recordings from the same patch, voltage, and cAMP concentration, but now bathed with K-solution. (C and D) Open dwell-time distributions with Na- and K-solutions, respectively. The solid lines represent a single-exponential fit for Na-solution and a two-exponential fit for K-solution. For Na-solution, the best-fit parameter value was 0.2 ms. For K-solution, the best-fit parameter values were: τ~1~ = 0.33 ms, A~1~ = 0.93, τ~2~ = 1.04 ms, A~2~ = 0.07. Current records were acquired at 20 kHz and filtered at 5 kHz. Previous to analysis, the records were digitally filtered at 2 kHz. For presentation purposes, traces shown in A and B were digitally filtered at 1 kHz. Similar results were observed in three patches.](20028722f5){#fig5}

Together, these results suggest that most of the effects of permeant ions on gating by cGMP can be explained by changes in the stability of the open conformation.

Ions in the Pore Might Be Responsible for Changing the Rate of the O→C Transition
---------------------------------------------------------------------------------

Are these effects on gating the result of ions bound outside the pore or are they the consequence of ions interacting within the permeation pathway? To help clarify the nature of the interaction between ions and gating by cGMP, two different molecules known to interact with the pore of CNGA1 channels were used as probes for ion-pore occupancy. These molecules are the so-called ball peptide and the local anesthetic tetracaine; both have been shown to act from the intracellular side of the channel ([@bib32]; [@bib16]). If ions in the pore alter the gating by cGMP, then the blockers, which interact with the pore of CNGA1 channels, might be able to detect these differences.

When applied internally, the ball peptide preferentially blocks CNGA1 channels in the open state ([@bib32]). Because K^+^ ions stabilize the open conformation of the channel, the immediate expectation is that the ball peptide should have a higher apparent affinity in K-solutions. [Fig. 6](#fig6){ref-type="fig"} A shows subtracted current traces, acquired with Na-solutions, in response to a voltage step from −90 to 110 mV in control conditions (2 mM cGMP) and with 2.5 μM E12K, D13K synthetic ball peptide added. The equivalent experiment is shown in [Fig. 6](#fig6){ref-type="fig"} B in the presence of K-solutions. In Na-solutions, the kinetics of blockade are faster and the extent of block is larger; this suggests that the apparent affinity for ball peptide is higher in Na-solutions. This result is opposite to the prediction based on the assumption that the only interactions between ball peptide and permeant ions are a consequence of open state stabilization. Therefore, this result can be interpreted as a sign that the ball peptide is able to sense the differences of the pore when either Na^+^ or K^+^ ions are present.

![Permeant ions interact with intracellular ball peptide: a pore blocker molecule. (A) Superimposed subtracted current traces in response to a voltage step from −90 to 110 mV with bath Na-solutions containing 2 mM cGMP in control conditions and with 2.5 μM E12K, D13K synthetic ball peptide added. In these experimental conditions, the apparent affinity for ball peptide (K~D~BP) was 0.3 μM. The value of K~D~BP is defined as the concentration of ball peptide needed to block 50% of the current assuming a simple model of a single blocker molecule binding to a single site (Michaelis-Menten model). K~D~BP = {If \[BP\]/(1 − If)} where If is the fractional current remained after blockade and \[BP\] is the concentration of ball peptide used. (B) Superimposed subtracted current traces in response to the same voltage protocol but now with bath K-solutions. In these experimental conditions, the K~D~ for ball peptide was 3.4 μM. Similar results were observed in three patches.](20028722f6){#fig6}

Tetracaine is a local anesthetic that blocks CNGA1 channels with two important properties: the blockade is voltage dependent and the blocker binds almost exclusively to the closed state ([@bib16]). [Fig. 7](#fig7){ref-type="fig"} A shows subtracted current traces obtained in Na-solutions with 2 mM cGMP. Equivalent set of current traces, but with 10 μM tetracaine added, are shown in [Fig. 7](#fig7){ref-type="fig"} B. The voltage protocol consisted of a prepulse to −110 mV to promote unbinding of tetracaine (see [Fig. 7](#fig7){ref-type="fig"} B) followed by voltage steps to positive potential to assess blockade by tetracaine. The apparent affinity for tetracaine (K~D~Tet) was estimated from the fraction of current blocked and assuming that one molecule of tetracaine blocks the channel ([@bib16]). The values of K~D~Tet estimated from the current traces shown in [Fig. 7, A and B](#fig7){ref-type="fig"}, are plotted in [Fig. 7](#fig7){ref-type="fig"} E (open circles), which are consistent with previous observations of tetracaine blockade of CNGA1 channels expressed in *Xenopus* oocytes using similar Na-solutions ([@bib16]). The same experiment was repeated, in the same patch, but now with K-solutions ([Fig. 7](#fig7){ref-type="fig"}, C--E, filled circles). As predicted from the properties of tetracaine blockade, the apparent affinity for tetracaine is lower in K-solutions. However, if the shift in the C↔O distribution with different ionic species is the sole determinant for blockade, the K~D~Tet versus voltage relationship should be linear and parallel for Na- and K-solutions. As shown in [Fig. 7](#fig7){ref-type="fig"} E, that is not the case. The values of K~D~Tet obtained in K-solutions showed a deviation from linearity, which opens the possibility that tetracaine is not only blocking but may also be permeating at positive potentials \>60 mV. Again, this result can be interpreted as a sign that tetracaine is able to sense the differences of the pore by the presence of Na^+^ or K^+^ ions, and somehow the presence of K^+^ ions favors the permeation of tetracaine.

![Permeant ions interact with intracellular tetracaine: a pore blocker molecule. (A and B) Superimposed subtracted current traces in response to a voltage protocol that includes a prepulse to −110 mV followed by voltage jumps to potentials between 10 and 110 mV. In A the current traces in bath Na-solution with 2 mM cGMP are shown, and in B similar traces but with 10 μM tetracaine added are shown. (C and D) Superimposed subtracted current traces from the same patch and in response to the same voltage protocol as before, but now with bath K-solutions. In C the current traces with 2 mM cGMP are shown, and in D similar traces but with 10 μM tetracaine added are shown. (E) Voltage dependence of the K~D~ for tetracaine (K~D~Tet) in bath Na-solutions (open circles) and in bath K-solutions, (filled circles). The value of K~D~Tet is defined as the concentration of tetracaine needed to block 50% of the current assuming a simple model of a single blocker molecule binding to a single site. K~D~Tet = {If \[T\]/(1 − If)}, were If is the fractional current remained after blockade and \[T\] is the concentration of tetracaine used. Similar results were observed in three patches.](20028722f7){#fig7}

Together, these results suggest that the permeation properties for Na^+^ and K^+^ ions in CNGA1 channels are different. These differences in permeation might be related to the observed differences in gating by cGMP, which will be consistent with the idea that ions in the pore of CNGA1 channels are linked to the conformational changes responsible for opening and closing of the pore.

DISCUSSION
==========

Linkage of Permeant Ions and Gating in CNGA1 Channels
-----------------------------------------------------

The properties of permeation or gating have been extensively studied in CNG channels (see [introduction]{.smallcaps} for references). However, little attention has been paid to the relationship between these properties. Using heterologous expression of CNGA1 channels from rod photoreceptor, this study shows that activation by cGMP is influenced by the nature of the permeant ion. Using Na^+^ or K^+^ as permeant ions, it was shown that the apparent affinity for cGMP is higher when CNGA1 channels are permeating K^+^ ions, which suggests that permeant ions influence gating by cGMP.

Kinetic Origin of the Changes in Apparent Affinity for cGMP by Permeant Ions
----------------------------------------------------------------------------

Because electrical currents are being used to estimate channel activity, changes in sensitivity to cGMP can originate from changes in the actual binding affinity for cyclic nucleotide (binding steps) or by changes in the stability of the open conformation of the channel. Three lines of evidence support the second possibility. First, experiments done at subsaturating concentrations of cGMP showed that permeant ions mostly affect the open dwell time distribution of single channel currents. When K^+^ ions were carrying the current, the apparent time constant of the main open state is significantly longer than the one measured when Na^+^ ions were permeating. Second, if ions influenced the actual binding affinity for cGMP, it is expected that the use of saturating concentrations of cyclic nucleotide would attenuate the differential effect of K- versus Na-containing intracellular solutions. As shown in [Fig. 4](#fig4){ref-type="fig"}, using saturating concentrations of cGMP, the observed differences in the gating properties of CNGA1 channels when Na^+^ or K^+^ ions were permeating were similar to those observed at subsaturating concentrations of cGMP ([Fig. 3](#fig3){ref-type="fig"}). At all concentrations of cGMP tested the main effect of K^+^ ions was to increase the apparent time constant of the main component of the open dwell time distribution. Third, permeant K^+^ ions were also able to produce open events that were consistently longer than those observed with permeant Na^+^ ions when saturating concentrations of cAMP were used to gate the channels, implying that the differences on gating induced by permeant ions were not affected by the nature of the agonist. Together, these results strongly suggest that permeant K^+^ ions influence gating by stabilizing the open conformation of the channel, i.e., by reducing the rate constant of exiting the open state.

Ions in the Pore Influence the Stability of the Open Conformation of CNA1G Channels
-----------------------------------------------------------------------------------

Because the gate that open and closes the channel is likely to be located within the permeation pathway ([@bib15]; [@bib2]; [@bib35]; [@bib14]), it is conceivable that ions, while permeating, could interfere with the process of gating. As a result, the observed differences of the gating properties of CNGA1 channels permeating Na^+^ or K^+^ ions would be a consequence of the different interactions between each ionic species and the pore of the channel. The use of pore blockers indicates that indeed Na^+^ and K^+^ ions might interact differently. For example, it was found that the intracellular ball peptide, known to preferentially block the channel in the open state ([@bib32]), has a higher affinity in the presence of Na^+^ as permeant ions. This is the opposite of what one would predict from the fact that K^+^ ions stabilize the open state of CNGA1 channels, as if the presence of Na^+^ ions in the pore might create a more favorable environment for blockade of the ball peptide. Similarly, tetracaine seems to permeate at positive voltages in the presence of K^+^ ions but not in the presence of Na^+^ ions. In addition, the difference of single channel amplitudes when CNGA1 channels are permeating either Na^+^ or K^+^ ions also suggests that each ionic species interacts somehow differently with the pore of the channel.

All the results presented are consistent with the idea that monovalent cation permeation and gating are related processes in CNGA1 channels. Progress in understanding the molecular mechanisms of ion permeation in KcsA potassium channels ([@bib11]; [@bib73]; [@bib72]) provides a basis for interpreting the results described here. In those studies, the atomic nature of the interactions between permeant ions and the pore of KcsA channels, and how these interactions vary with both the concentration and species of permeant ion, offer physical insights into how permeant ions might affect gating in KcsA channels. For example, high-resolution structures of the selectivity filter in high K^+^ (200 mM) and low K^+^ (3 mM) revealed significant conformational differences. In low K^+^, the carbonyl oxygen of Val 76 is pointing away from the pore and the α-carbon of Gly 77 is twisted inward, resulting in a nonconductive selectivity filter where K^+^ ions can only occupy two of the four possible sites ([@bib73]). In addition, the selectivity filter can make small adjustments to the size of the permeant ion. If the ion is bigger than K^+^, like Cs^+^, the carbonyl oxygen slightly rotates to accommodate the bigger ion ([@bib72]). In light of the fact that KcsA architecture might well represent a prototype for ionic membrane channels ([@bib11]), it is not hard to imagine that permeant ions will also directly interact with the pore of CNGA1 channels and these interactions somehow might be coupled to gating by cGMP.
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